Estrogen receptor a (ER) ligand-binding domain (LBD) mutations are found in a substantial number of endocrine treatment-resistant metastatic ER-positive (ER + ) breast cancers. We investigated the chromatin recruitment, transcriptional network, and genetic vulnerabilities in breast cancer models harboring the clinically relevant ER mutations. These mutants exhibit both ligand-independent functions that mimic estradiol-bound wild-type ER as well as allele-specific neomorphic properties that promote a pro-metastatic phenotype. Analysis of the genome-wide ER binding sites identified mutant ER unique recruitment mediating the allele-specific transcriptional program. Genetic screens identified genes that are essential for the ligandindependent growth driven by the mutants. These studies provide insights into the mechanism of endocrine therapy resistance engendered by ER mutations and potential therapeutic targets.
Correspondence myles_brown@dfci.harvard.edu
In Brief Jeselsohn et al. show that estrogen receptor a (ER) mutations found in endocrine treatment-resistant metastatic breast cancers confer not only ligandindependent ER functions, but also allelespecific neomorphic properties. Importantly, the authors identify potential approaches for treating these breast cancers.
INTRODUCTION
Estrogen receptor a (ER) plays a key role in normal breast development and breast cancer. Inhibition of ER function by reducing estrogen (E2) levels or by directly antagonizing E2 stimulation of ER is the mainstay treatment for ER + breast cancer. These treatments reduce the risk of recurrence when given in the adjuvant setting, and improve outcomes in metastatic disease; however, resistance to endocrine treatments remains a major clinical problem (Early Breast Cancer Trialists' Collaborative Group et al., 2012) .
A number of studies reported recurrent mutations in ESR1, the gene encoding ER, in at least 20% of metastatic endocrineresistant ER + breast cancers that are very rarely found in primary tumors (Jeselsohn et al., 2014; Merenbakh-Lamin et al., 2013; Robinson et al., 2013; Toy et al., 2013) . The majority of the
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+ breast cancer is the leading cause of breast cancer mortality in the developed world. Mutations in the ER LBD confer endocrine therapy resistance and poor outcomes in patients with metastatic disease. Prior studies have shown that these mutations engender constitutive ER activity to promote estrogen-independent growth. Here we show that these mutations also have allele-specific neomorphic properties that, in addition to supporting estrogen-independent growth, promote a metastatic phenotype. Using genetic screens we have identified vulnerabilities in breast cancer cells expressing the ER mutants and wild-type ER. We used these results to develop a therapeutic combination to overcome ER mutantdriven endocrine therapy resistance.
recurrent ESR1 mutations were found to cluster in the ER ligandbinding domain (LBD) . Cell line studies showed that the LBD mutations stimulate constitutive activity in the absence of E2, and decreased sensitivity to ER antagonists such as tamoxifen (TAM) and fulvestrant (FUL), indicating that these are gain-offunction mutations and drivers of endocrine resistance (Harrod et al., 2016; Jeselsohn et al., 2014; Toy et al., 2017) .
The two most commonly mutated amino acids are Y537 and D538, which are both within the C-terminal helix of the ER LBD, helix 12 (H12). Several mutant alleles of Y537 including Y537S, Y537N, and Y537C have been found in endocrine-resistant breast cancers, while only the D538G mutation appears to be a common resistance allele. H12 is a key structural component of the activating function-2 domain of ER that dictates the agonist or antagonist state of the receptor. E2 binding to the LBD leads to stabilization of H12 in an active conformation, enabling the binding of co-activators, such as NCOA3, and results in activation of the receptor. Biophysical studies showed that the Y537S mutation and, to a lesser degree the D538G mutation, stabilize H12 in the agonist conformation, similar to wildtype (WT) ER bound to E2 (Nettles et al., 2008; Fanning et al., 2016) . In addition, affinity studies and the crystal structure of the mutant LBD indicate that these mutants have decreased affinity for TAM and E2, and confer an altered conformation facilitating resistance to antagonism. Finally, NCOA3 binding to mutant ER compared with WT ER under ligand-independent conditions, or in the presence of TAM, is enhanced (Fanning et al., 2016; Toy et al., 2013) . These findings provide a mechanistic explanation for the ER mutant ligand-independent constitutive-activity and relative resistance to ER antagonists.
The low frequency of the ESR1 LBD mutations in primary treatment-naive tumors, the correlation between tumor progression and mutation frequency, and the variable allele frequencies support the clonal selection of these mutations under the selective pressure of endocrine treatment. In addition, we showed that the D538G mutation induces an increased migratory capacity in MCF7 cell models in 2D cell culture (Merenbakh-Lamin et al., 2013) . Moreover, the ESR1 LBD mutations are prognostic of poor outcomes in patients with metastatic disease (Chandarlapaty et al., 2016; Spoerke et al., 2016) . These findings imply that, in addition to stimulating E2-independent growth, the ESR1 LBD mutations may also promote a more aggressive phenotype. This led us to hypothesize that the functional consequences of ER LBD mutations are not restricted to their constitutive activity, but, in addition, lead to changes in the ER transcriptional network that mediate cancer progression. In this study we tested this hypothesis and searched for potential therapeutic targets to overcome the drug resistance and poor outcomes associated with these mutations.
RESULTS
The Mutant ER Transcriptome
To study the global transcriptional changes induced by the ER LBD mutations, we performed RNA sequencing (RNA-seq) of doxycycline (DOX)-inducible mutant ER-expressing cell lines and parental WT ER-expressing cells, in full medium (FM), hormone-depleted (HD) conditions, and HD after stimulation with 1 nM E2 (HD + E2) ( Figure 1 ). These cells expressed the hemagglutinin (HA)-tagged ER LBD mutants and included three of the most common clinical mutations (Y537S, Y537N, and D538G) ( Figure S1A ). The protein expression of mutant ER was well controlled in these cells, and the combined relative expression of WT and mutant ER protein after DOX induction was comparable with WT ER in the parental cells prior to DOX induction (Table  S1 ). Pairwise correlation analysis of the RNA-seq in HD and HD + E2 clustered the Y537N and Y537S mutant cells in HD and HD + E2 conditions distinctly from the D538G mutant cells and the WT Figure S1 and Tables S1 and S2. ER cells. Although the D538G mutant cells clustered with the WT ER cells, they formed a distinct subset. In addition, these data showed that all the WT ER cells clustered together, but were clearly separated by the treatment conditions (HD versus HD + E2). In contrast, the mutant cells in HD and HD + E2 clustered together and the first subclustering was dictated by the specific mutation (Y537S versus Y537N) and not by the medium conditions ( Figure 1A ). When applying a principal-component analysis to all the samples, principal component 1 (PC1) correlated with the ER mutational status, segregating the WT, the D538G mutant, and the Y537S or Y537N mutant cells; again indicating that the D538G mutation is distinct from the mutations at residue Y537. The medium conditions resolved along PC2 and distinctly clustered the WT cells in FM, HD, and HD + E2 conditions. In the mutant-expressing cells, the HD and HD + E2 conditions aggregated together and segregated away from the FM conditions, supporting the constitutive transcriptional activity of the mutants in the absence of E2 and the difference between FM conditions versus white medium + E2 ( Figure 1B ). In line with the transcriptional data and prior studies, cell growth in HD and HD + E2 conditions showed that mutant-expressing cells had a growth advantage in HD conditions compared with WT ER-expressing cells. In addition, while WT ER cells displayed marked growth inhibition in HD compared with HD + E2, ER mutant cell growth in HD was only mildly decreased compared with HD + E2 (Figure S1B) . We next examined the efficacy of the ER antagonists TAM and FUL in inhibiting mutant ER cell proliferation. While the TAM half maximal inhibitory concentration (IC 50 ) was significantly higher in the MCF7 and T47D cells expressing the Y537S mutant compared with the WT cells, the TAM IC 50 for D538G ER mutant cells was in the same range as the WT ER cells. Both the Y537S and D538G mutants displayed relative resistance to FUL compared with WT ER cells; however, the resistance was more significant for Y537S compared with D538G. Likewise, the Y537S ER mutant T47D cells had a 31-fold increase in the FUL IC 50 compared with WT ER T47D cells ( Figure S1C ; Table S2 ). These results confirm the relative resistance of the ER LBD mutants to ER antagonists, and also indicate that the Y537S and D538G mutants may be different with respect to response to TAM and FUL.
To further delineate the transcriptional changes induced by the ER-LBD mutations, we performed differential gene expression analyses ( Figures S1D and S1E ). First, focusing on the WT-expressing cells, comparison of the WT cells (D538G and Y537S DOX-inducible parental cells without DOX treatment) in the absence of E2 (HD) versus E2-stimulated conditions (HD + E2) identified 689 and 814 E2 regulatedgenes for the D538G and Y537S parental WT ER cell line models, respectively (log2 fold change [FC] > 0.5, false discovery rate [FDR] < 0.01). As expected, the majority of the E2-regulated genes in the two WT ER cell lines (parental to the D538G and Y537S mutants) overlapped, and among these genes were known ER transcriptional target genes, such as PGR, TFF1, GREB1, CA12, XBP1, and MYC ( Figure S1Ea ). We next identified the genes that were induced by the ER LBD mutants in HD conditions. We found 308 and 954 genes induced by D538G and Y537S mutants, respectively. Comparison of the genes induced by the mutants in the absence of E2 with the E2-induced genes in WT ER cells revealed that only 33% of the D538G-induced genes and 18% of the Y537S-induced genes overlapped with genes induced by E2 in WT ER cells ( Figure S1Eb) . Thus, the majority of the genes induced by the ER mutants in E2-deprived conditions was unique and did not overlap with the WT ER E2-regulated genes. In addition, when we examined the E2-regulated genes in the ER mutant cells, only 12 genes were upregulated by E2 in the Y537S mutant cells, whereas, in the D538G mutant cells, 416 genes were E2 upregulated, and 64% of these genes overlapped with the WT ER E2-regulated genes ( Figure S1Ec ). Comparison of the D538G-to the Y537S-induced genes showed that 80% of the D538G-induced genes overlapped with the Y537S. In contrast, 74% of the Y537S-induced genes were unique to the Y537S mutation ( Figure S1Ed ). Taken together, these results support the E2-independent transcriptional activity of the Y537S and D538G mutants, and indicate that these mutations, particularly Y537S, promote the transcription of a unique set of genes that are not induced by E2 stimulation of WT ER. Notably, these results show that the Y537S and D538G mutations induce distinct transcriptional programs, with the D538G mutation driving a transcriptional profile that is more similar to the WT ER E2-dependent transcription compared with the Y537S mutation. Like Y537S, the Y537N allele induced a high number of genes that were not induced by WT ER stimulated by E2 ( Figures  S1F and S1G) .
To address the relevance of these model cell line findings, we evaluated the transcriptome of 109 metastatic tumors from an ongoing study of ER + metastatic breast cancer at the DanaFarber Cancer Institute. In this study, metastatic tissue biopsies are obtained from patients with ER + disease for genomic and molecular analysis. Global analysis of the RNA-seq data revealed two large clusters of tumors that segregated primarily by the site of metastasis (mets) (Figure 2A ). The first cluster of tumors consisted of 42 biopsies exclusively obtained from liver mets and the second cluster included tumor samples from a number of organ sites primarily consisting of tumors from breast, skin, and lung. Hierarchical clustering and principalcomponent analysis after exclusion of 2,864 genes upregulated in normal liver and skin tissues compared with breast tissue determined by the RNA-seq analysis of healthy liver, skin, and breast tissues from women obtained from the Genotype-Tissue Expression (GTEx) dataset (GTEx Consortium, 2013) (90 breast, 41 liver, and 217 skin samples, log2 FC > 2 and adjusted p value < 0.001), resulted in the merging of the two clusters ( Figures S2A and S2B ). This supports the conclusion that these two clusters are driven primarily by gene expression of the normal tissue from the site of the metastatic lesion. We therefore analyzed these two clusters separately for the ensuing analyses. Cluster A was composed of 35 WT ER tumors, 5 ER D538G mutant tumors, 1 ER Y537N mutant tumor, and 1 ER E380Q mutant tumor. Consistent with our previous study, mets harboring the D538G were enriched in the liver mets compared with other metastatic sites (Merenbakh-Lamin et al., 2013) . In a supervised analysis of this cluster, we detected a transcriptional profile upregulated in tumors harboring the D538G mutations. Furthermore, gene set enrichment analysis (GSEA) showed that the gene sets of the 100 or 50 top-ranked genes upregulated after induction of the D538G mutation in the MCF7 cell line were enriched in the D538G metastatic tumors compared with the WT ER metastatic tumors in this cluster (normalized enrichment score [NES] = 1.44, p < 0.01 and NES = 1.5, p <0.001 for the 100 and 50 top-ranked genes, respectively) ( Figure 2B ). In contrast, the gene sets of the 100 or 50 topranked genes upregulated with the induction of the Y537S mutant in MCF7 cells were not enriched in the D538G metastatic tumor samples ( Figure S2C ). This is consistent with the cell model findings in which the majority of the Y537S-induced genes did not overlap with the D538G-induced genes (Figure S1Ed) . The second cluster of 67 cases included sites other than liver predominantly. Of these 67 cases, 63 were found to harbor WT ER and 4 patients harbored the Y537S mutation. Similar to the analysis of the first cluster, in a supervised analysis of this cluster we detected a transcriptional profile upregulated in tumors harboring the Y537S mutations. GSEA utilizing custom gene sets of the 100 or 50 top-ranked genes upregulated after induction of the Y537S mutant in the MCF7 cell line were enriched in the Y537S metastatic tumors compared with the WT ER metastatic tumors in the second cluster (NES = 1.4, p < 0.01, and NES = 1.7, p < 0.001, for 100 and 50 top-ranked genes, respectively) (Figure 2C ). In addition, the gene sets of the 100 or 50 top-ranked genes upregulated with the induction of the D538G mutant in MCF7 cells were also enriched in the Y537S metastatic tumor samples (NES = 1.5, p < 0.01, and NES = 1.7, p < 0.001, for 100 and 50 top-ranked genes, respectively ( Figure S2D ). This is highly consistent with the cell line transcriptome analyses in which the majority of D538G-induced genes were included within the Y537S-induced genes. These clinical data strongly support the importance of the findings in the cell line models harboring the ER mutants.
We also performed RNA-seq in a series of ER + patient-derived xenografts (PDXs) that were established from four ER + metastatic breast cancer tissue samples. Two of these xenografts harbor a Y537S mutation, as detected by directed droplet digital PCR and RNA-seq. We confirmed ER expression in the xenografts ( Figure S2E ). In an unsupervised analysis of the RNA-seq of tumors harvested in the first and second passage of the PDX in the presence of E2 supplementation, the Y537S mutant PDX models clustered distinctly from the WT ER PDX models (Figure S3F) . GSEA showed that the gene signature of AKT1 activation was the top-ranked enriched signature in the mutant PDXs compared with the WT ER PDXs (NES = 1.8, p < 0.01) (Figure S2G) . To test for a correlation between the transcriptional changes in the mutant PDX tumor tissues and the ER Y537S mutant cell line models, we constructed a custom gene set for use in GSEA. This gene set consisted of the 100 top-ranked genes induced by the Y537S mutant selected by FC and an FDR < 0.01. Notably, there was a significant enrichment of 94 of these 100 genes in the Y537S mutant PDX tumors compared with the WT ER tumors (NES = 1.14, p < 0.01) ( Figure S2H ).
Mutant ER Cistromes Are E2 Independent and Distinct from the E2-Dependent WT ER Cistrome As we found that the transcriptional changes induced by the ER mutants were not restricted to E2-dependent genes, we hypothesized that the ER mutations lead to an altered ER cistrome, and consequently to modulations in the ER transcriptional network.
To test this hypothesis and discern which genes are directly regulated by the ER mutants we mapped ER binding globally by performing ER chromatin immunoprecipitation sequencing (ChIP-seq) of the DOX-induced mutant cells in HD conditions, and the WT cells in HD conditions, and after E2 stimulation. As expected from our prior work, the ER ChIP-seq for the WT cells in HD conditions yielded a very low number of binding sites and did not pass our quality control parameters (Carroll et al., 2005) . In contrast, the mutant ER was recruited to DNA binding sites in the absence of E2 stimulation, resulting in a total of 35,000 binding sites in MCF7-Y537S mutant cells, 23,676 in Y537N mutant cells, and 11,371 in D538G mutant cells. To confirm that we were detecting the recruitment of mutant ER, we performed HA-ChIP-seq in the presence of DOX, with and without E2 stimulation, and saw a high correlation between the mutant ER cistromes with HA and ER antibodies ( Figure S3A ). We next performed a differential binding intensity analysis to define sites with up-or downregulated binding intensity. We found that the ER mutations led to the redistribution of ER binding profiles at 24% or more of all binding events. In the MCF7-Y537S cells, 15% of the binding events had increased binding intensity compared with WT ER E2-stimulated cells, and 9% had decreased binding intensity. In the MCF7-D538G cells, 33% of the binding events had increased binding intensity. The E2-independent recruitment and partial redistribution of ER binding events in the presence of the ER mutations were not cell line specific, since the induction of the Y537S mutant in T47D cells led to E2-independent recruitment and redistribution of 45% of all the ER binding events ( Figure 3A ). When we compared the Y537S and D538G differential binding sites, we saw that 50% of the sites with increased binding intensity, and 20% of the binding sites with decreased intensity overlapped between the Y537S and D538G mutations. Thus, similar to the transcriptional differences between the Y537S and D538G mutations, the two mutations lead to distinct alterations in the ER cistrome ( Figure 3B ). Motif analysis revealed that the ER binding motif (ERE) was significantly enriched in all the binding sites, indicative of direct ER binding. The ERE and ERE half-site motifs were the only motifs enriched in the ER mutant gained binding sites. In addition to the ERE, motifs of transcription factors known to be important for ER action, such as FOXA1, AP1, and GRHL2, were enriched in the binding sites common to the WT and mutants. The second most significantly enriched motif in WT ER-selective binding sites common to MCF7 and T47D was FOXA1 (Table S3 ). In addition, we mapped the Y537S and D538G ER mutant binding without E2 stimulation in cells expressing the mutant ER generated by gene knockin (KI) in MCF7 cells and in the parental WT MCF7 cells following E2 stimulation. Similar to the DOX-inducible cells, we detected E2-independent ER recruitment in the presence of the Y537S and D538G mutations, with a redistribution of 39% and 49% of the ER binding events for the Y537S and D538G mutations, respectively ( Figure S3B ). Furthermore, motif analysis showed that the mutant-selective sites were enriched in ERE motifs for the Y537S and D538G mutant cells, while the WT-selective were enriched in FOXA1 motifs.
The FOXA1 motif was not significantly enriched in the mutant-selective binding sites, suggesting that FOXA1 may be less essential for mutant-specific ER DNA binding. To test whether FOXA1 was indeed differentially recruited to the Figure S3 and Tables S3 and S4. mutant-selective ER binding sites, we performed FOXA1 ChIPseq in WT ER cells with E2 stimulation and in the Y537S mutant cell without E2 stimulation. Co-occupancy analyses showed a significant enrichment of FOXA1 binding events within the WT ER-specific cistrome, and significantly lower FOXA1 binding events in the ER mutant-specific cistrome (p < 0.0005) (Figure 3C) . Nonetheless, FOXA1, which is enriched in the non-differential binding sites, and is also upregulated by the induction of the ER mutants, remains essential for mutant and WT ER cell proliferation, as demonstrated by silencing of FOXA1 (Figures S3C and S3D) . Albeit in the presence of the Y537S mutant in HD conditions, the effect of FOXA1 silencing on cell proliferation was not statistically significant.
To gain insight into the chromatin modifications at the ER mutant gained binding sites, we performed ChIP-seq for the active histone mark H3K27ac in WT ER MCF7 cells with E2 stimulation cells and mutant ER cells in HD conditions. A substantial number of H3K27ac binding sites were gained in the mutant cells (2,379 sites, log2 FC > 0.5), and these sites were enriched in ERE motifs (p = 1 3 10 À8 ) in addition to E2F (p = 1 3 10
À16
) and ETS (p = 1 3 10 À9 ) motifs ( Figure 3D ). The latter two were the top motifs. Moreover, the ER binding sites gained in the presence of the mutations were more likely to be centered at regions of active chromatin in the Y537S mutant cells compared with the WT cells as indicated by the increased levels of H3K27ac at these sites in the mutant cells compared with the WT cells ( Figure 3E ). In addition, the ER binding sites gained in the Y537S mutant cells are more likely than those of the other categories to occur in promoter regions and >30% of the super-enhancers detected in the Y537S mutant cells overlapped with the mutant gained binding sites ( Figures 3F and 3G) .
Our results indicate that the ER binding sites gained in the presence of the mutations occur at transcriptionally active regions. However, we did not identify co-occupancy of a specific pioneer factor in these sites. We therefore hypothesized that the altered conformation of the ER mutants and unique co-regulator binding might contribute to the enhanced mutant ER binding in these sites. To test this hypothesis we screened mutant ER compared with WT ER co-regulator interactions using the Microarray Assay for Real-time Co-regulator-Nuclear receptor interaction (Koppen et al., 2009 ). We identified 58 E2 dependent co-regulator peptides in the presence of WT ER. The majority of these E2-dependent co-regulators peptides interacted with similar binding levels to the apo-mutant ER (55 for Y537S and 48 for D538G), consistent with constitutive binding of multiple co-regulators ( Figure S3E ). Among these co-regulators are known ER co-activators such as NCOA3. Comparison of apo-mutant to E2-stimulated WT ER co-regulator interactions revealed a number of significantly enhanced apo-mutant interactions (24 for Y537S and 11 for D538G). These include, among others, the ER co-activators EP300, MED1, and NRIP1 (Rosell et al., 2014; Kornberg, 2005; Yi et al., 2015) (Figures 3H and 3I ; Table S4 ). Comparison of the apo-Y537S versus apo-D538G mutant revealed mutant-selective co-regulator peptide interactions ( Figure S3F ). These results provide an indication that the co-regulator peptide-mutant ER interaction landscape is allele selective and differs from that of WT ER. However, studies to further investigate the effect of the mutant structure on multiple co-regulator interactions are needed to clarify whether this is simply an indication of subtle structural differences between the alleles or the mediator of the differences in cistromes and transcriptomes.
The Mutant ER Cistrome Mediates Transcriptional Changes that Promote a Metastatic Phenotype
We next applied the Binding and Expression Target Analysis (BETA) algorithm, which assigns a BETA score for each gene based on the distance between the transcription start site of a gene and the peak of the transcription factor binding sites , to test for a correlation between the redistribution of the mutant ER recruitment and the transcriptional differences between mutant ER and WT ER. We found a statistically significant correlation between the BETA scores for the Y537S-and WT-selective binding sites and the differential gene expression between E2-stimulated WT ER and non-stimulated Y537S-ER. Whereas, for the shared binding sites there was no significant correlation ( Figure 4A ). Similarly, we detected a positive correlation between the D538G mutant-selective binding site BETA scores and the differential gene expression See also Figure S4 and Table S5. between E2-stimulated WT ER and non-stimulated D538G ER ( Figure S4A ). Since there was a limited number of WT-selective binding sites in the D538G mutant cells we did not perform this analysis for these binding sites. Taken together, these correlations imply that the transcriptional changes induced by mutant ER in HD conditions are driven by the ligand-independent redistribution of mutant ER cistromes.
By integrating the BETA scores of the ER mutant-selective binding sites and the differential gene expression between the WT cells + E2 stimulation versus mutant cells in HD conditions and selecting genes that have a rank product of <0.01, we identified the genes that are directly upregulated by the ER mutants. We compared the genes upregulated by the three mutants (Y537S, Y537N, and D538G) and found 344 overlapping genes ( Figure 4B ) (genes listed in Table S5 ). GSEA identified genes upregulated in metastases driven by ERBB2 (NES = 2.3, q = 0.02) as the top-ranked gene set enriched in the overlapping genes upregulated by the ER mutants. Other gene sets that were significantly enriched consist of a number of gene sets important for the metastatic process, including: gene sets of inflammatory response (NES = 2.3, q = 0.01), genes downregulated by CDH1 (NES = 2, q = 0.04), genes upregulated by BMP2 (NES = 2, q = 0.04), and genes upregulated in TAM resistance (NES = 1.9, q = 0.06). The gene set of ER targets via AKT1 upregulation was also significantly enriched in the ER mutant upregulated genes and is in keeping with the top gene set enriched in the Y537S PDX models.
To functionally test the mutant pro-metastatic phenotype we generated orthotopic xenografts with the Y537S and D538G DOX-inducible cells stably infected with luciferase in ovariectomized mice treated with a DOX diet without E2 supplement. As controls, we used MCF7 cells expressing WT ER in ovariectomized mice with and without E2 pellets. The mice were monitored for mets before and after survival surgery to remove the primary tumor. The mammary tumor growth was significantly greater in the Y537S mutant cells compared with the D538G mutant cells. Growth of the WT ER-expressing tumors in the presence of E2 was not significantly different from the mutant ER-expressing tumors in the absence of E2 ( Figure 4C) , whereas, growth of WT ER-expressing tumors in the absence of E2 was significantly lower compared with the ER mutant and WT + E2 tumor growth ( Figure 4C ). All six mice harboring the Y537S ER-expressing xenografts grew primary tumors within 2 weeks and developed mets within 70 days from the injection of the cells and 25 days from the survival surgery. The mets were dependent on the Y537S mutant, as removal of the DOX diet led to rapid regression of the mets ( Figures 4D,  4E , and S4B-S4D). The D538G tumors developed mets, but with a longer latency (on day 147 from the injection of the cells five of the eight mice were found to have metastases) ( Figures  4D and 4F ). Although four of the eight mice injected with WT cells and treated with supplemental estrogen developed local recurrences after survival surgery, not one developed mets (WT versus Y537S, p = 0.0002, and WT versus D538G, p = 0.007, chi-square test) ( Figures 4G and 4H ). Survival surgery was not performed in the mice with WT ER xenografts in the absence of E2 since the tumors did not reach the predefined threshold volume for surgery. Similar to the WT ER cells with E2 supplement, these mice did not develop mets (Figures 4G and 4I) .
Collectively, these results demonstrate that the ER mutations lead to a reprogrammed transcriptional network that promotes metastases, and this phenotype is more pronounced in the Y537S compared with the D538G mutation.
CRISPR Knockout Screen Identifies Genes Essential for Mutant ER Growth
To investigate genes that are essential for mutant ER E2-independent growth, we performed genome-wide CRISPR-Cas9 knockout screens in the T47D-Y537S cells in HD conditions and control parental WT ER cells in FM conditions using two libraries targeting over 18,000 protein coding genes consisting of over 180,000 guide RNAs (gRNAs). The negatively and positively selected genes were identified by calculating the gene essentiality score, defined as the beta score, using MAGeCK-VISPR . Similar to our screens in WT ER breast cancer cells, the top genes that were positively selected in the ER mutant library screen are tumor suppressors, such as NF1, TSC1, TSC2, PTEN, and CSK. In addition, MYH9 and CBFB, two genes previously found as mutated in ER + breast cancers, were also among the top-ranked positively selected genes (Ellis et al., 2012) . As expected, among the top negatively selected genes, i.e., the essential genes, were genes that are known driver genes of ER + breast cancer, such as GATA3 (beta = À2),
3), and ESR1 itself (beta = À1.1) ( Figure 5A ). These genes were also essential in the T47D WT cells in FM conditions (Fig- ure 5B) In addition, CCND1 (beta = À1.6) and CDK4 (beta = À1.8) remained essential genes in the mutant cells. This is consistent with a retrospective clinical study in which patients with ER mutations remained sensitive to CDK4/6 inhibitors (Fribbens et al., 2016) . We confirmed that the ER mutant-expressing cell lines retained sensitivity to palbociclib, a CDK4/6 inhibitor ( Figure S5A ). In addition, a number of the ER co-regulators, such as NCOA3, EP300, MED1, and MEN1, which we found to interact with the apo-mutant ER, were essential in the mutant cells. Notably, we observed increased apo-ER mutant binding to EP300 and NCOA3 compared with E2-stimulated WT ER, and both of these co-regulators were more essential in the Y537S mutant cells compared with the WT cells (EP300: WT beta = À0.1, mutant beta = À1; NCOA3: WT beta = À0.1, mutant beta = À0.5).
To prioritize essential genes that are selective or retained in cells expressing mutant ER and are directly upregulated by mutant ER, we used a rank-product algorithm to aggregate rankings of scores from the output of MAGeCK-VISPR and the geometric mean of the gene rankings from four of the BETA analysis results (D538G, Y537N, and Y537S from MCF7 cells and Y537S from T47D cells) (Table S6 ; Figure 5C ). TFAP2C was found to be the top gene in this ranking (rank product FDR = 0.036). TFAP2C was essential in the WT ER CRISPR screen in FM conditions, but the essentiality score was more significant in the presence of the Y537S mutant in HD conditions (WT ER beta = À0.9 FDR = 0.01, Y537S beta = À1.8 FDR < 0.0001). In addition, the Y537S ER binding site in the promoter region of TFAP2C overlapped with a super-enhancer region ( Figure 5D ). TFAP2C is a regulator of ER transcriptional activity and luminal differentiation (Cyr et al., 2015) . Moreover, we recently showed that TFAP2C expression was highly associated with decreased progression free survival in metastatic ER + breast cancer (Jeselsohn et al., 2016) . To validate that TFAP2C is an ER mutant transcriptional target, and an essential gene for mutant cell growth in HD conditions, we first confirmed mutant-induced upregulation of TFAP2C mRNA and protein levels ( Figures S5B and S5C) . Next, we showed that silencing of TFAP2C by CRISPR-gRNAs decreased E2-independent proliferation of Y537S and D538G mutant cells ( Figures 5E  and 5F ). We also showed that TFAP2C suppression did not affect ER expression ( Figure S5D ). Thus, TFAP2C is upregulated by the ER mutants and is essential for E2-independent mutant ER cell growth.
We next turned to validate the effects of essential genes with available small-molecule inhibitors, as these are potential drug targets. CDK7 was essential in both ER mutant and WT ER-expressing cells (WT ER beta score = À0.8, FDR = 0.017; Figure S5 and Table S6. ER-Y537S beta score = À1.3, FDR < 0.0001), and a CDK7 small-molecule inhibitor, THZ1, was well characterized (Kwiatkowski et al., 2014) . CDK7 is a component of the general transcription factor IIH complex, which phosphorylates the C-terminal domain of RNAP polymerase II. In addition to its function in transcriptional regulation, CDK7 functions as a CDK-activating kinase (CAK) for CDK1, 2, 4, and 6, and has also been shown to modulate ER activity through serine 118 (S118) phosphorylation (Chen et al., 2000; Fisher and Morgan, 1994; Glover-Cutter et al., 2009; Larochelle et al., 2007) . S118 is a major phosphorylation site within the N-terminal domain transcription activation 1, and mutations in this site were shown to impair transactivation by ER (Ali et al., 1993) . CDK7 silencing with CRISPR-Cas9 gRNAs resulted in suppressed proliferation in both WT ER cells in FM and mutant ER cells in HD conditions ( Figures 6A, S6A , and S6B).
We next tested the effect of THZ1 on cell growth. WT and ER mutant MCF7 and T47D cells were responsive to THZ1 treatment, and the IC 50 values were comparable between WT and mutant ER cells ( Figure S6C ). THZ1 covalently modifies CDK7 at residue C312 outside of the kinase domain, and previous studies have shown that THZ1 inhibits RNAPII CTD phosphorylation and CAK activity in leukemia cell lines (Kwiatkowski et al., 2014) . More recently, THZ1 was shown to inhibit RNAPII CTD phosphorylation and ER phosphorylation at S118 in MCF7 cells with WT ER and an ER Y537S KI allele (Harrod et al., 2016) . Here, we examined the effect of THZ1 on E2-independent Y537S and D538G mutant ER S118 phosphorylation. Since the mutant ER is HA tagged in our cell line models we could differentiate between WT ER and mutant ER in a western blot, which allowed us to discern selective E2-independent phosphorylation of the Y537S and D538G ER mutants. As expected, we did not detect WT ER S118 phosphorylation in E2-deprived conditions. Interestingly, however, in the presence of the D538G mutant in E2-deprived conditions we detected S118 phosphorylation of the D538G mutant ER and WT ER ( Figure 6B ). Phosphorylation of WT ER was not seen with the Y537S mutant, and may suggest that the D538G mutant has a higher propensity to heterodimerize with WT ER. This could potentially explain some of the phenotypic differences between the Y537S and D538G mutations, although further studies are needed to validate this hypothesis. We next tested the effect of THZ1 on ER mutant E2-independent S118 phosphorylation, and found dose-and time-dependent inhibition of Y537S and D538G S118 phosphorylation ( Figure 6C ). Gene expression analysis of Y537S mutant cells treated with THZ1 at 24 hr showed that the key pathways that were inhibited were related to the ErbB/PI3K/MTOR pathway, which is in line with the key pathways enriched in the genes upregulated by the ER mutations, suggesting that THZ1 is targeting the ER mutant transcriptional network ( Figure S6D ).
We next studied the combination of THZ1 with FUL in cell culture and in vivo. We detected significant synergism of this combination in MCF7 and T47D WT ER and mutant Y537S in the DOX-inducible cell lines as well as the Y537S KI cell line ( Figures  6D and S6E ). Orthotopic xenografts of MCF7 cells expressing the Y537S mutant demonstrated that the combination of THZ1 with FUL had improved efficacy in inhibiting tumor growth compared with either single agent ( Figure 6E ). These results support the potential of this combination as a therapeutic strategy to overcome endocrine resistance caused by the ER mutants.
DISCUSSION
Constitutively active somatic mutants in the ER LBD have emerged as a frequent mechanism of endocrine therapy resistance in patients with metastatic ER + breast cancers. Whether these mutant alleles simply mimic the actions of estrogen-bound ER or express additional neomorphic or allele-specific properties could have important therapeutic implications for patients. We undertook a systematic approach to answer these questions and to identify potential targets for therapies in metastatic breast cancers driven by these ER mutants.
By integrating RNA-seq and ChIP-seq data we show that the ER mutants lead to E2-independent chromatin binding and distinct cistromes and allele-specific transcriptional programs compared with the E2-stimulated WT ER. The mechanistic basis for the allele-selective chromatin recruitment is not well understood, and we hypothesize that this may be due to allele-selective interactions with co-regulators, or other transcription factors that ultimately mediate differences in chromatin binding. Additional biophysical studies will be needed to test this hypothesis.
Importantly, examination of the mutant allele-specific transcriptional programs reveals that these programs are enriched in genes and pathways that mediate growth factor signaling and promote metastases. These findings provide a mechanistic basis by which the ER mutants engender endocrine resistance and may explain the metastatic propensity and poor overall survival of patients with metastatic breast cancers harboring these mutants.
We were able to demonstrate the relevance of the allele-specific mutant ER transcriptional signatures developed in model cell lines in PDXs and a large set of ER + metastatic tumor biopsies. In this metastatic biopsy cohort we also confirmed our previous findings from a smaller cohort (Merenbakh-Lamin et al., 2013) of enrichment of the D538G mutant allele specifically in liver metastases. The molecular mechanism of this organotropism is unknown and warrants further study. Consistent with our findings of ER mutant allele-specific programs, a recent analysis of the BOLERO2 clinical trial suggested that patients with the Y537S mutant allele may have worse outcomes compared with patients whose tumors harbor the D538G mutation (Chandarlapaty et al., 2016) . Additional studies with larger numbers of patients harboring these ER mutations will be needed to determine the clinical differences among the various mutant alleles, including responses to specific endocrine treatments and prognosis. We used a highly efficient genome-wide CRISPR KO library to detect genes essential for the E2-independent growth of ER mutant-expressing breast cancer cells. As these ER mutants are constitutively active, it is not surprising that many of the essential genes identified in the screen are known drivers of ER + breast cancers. In addition, genes such as TFAP2C, and a number of others that are directly upregulated by the ER mutants, were shown to be essential for the E2-independent growth driven by the mutations.
In summary, we have comprehensively profiled the epigenetic and transcriptional programs regulated by ER-LBD mutations found in endocrine therapy-resistant ER + breast cancer and provide mechanistic insights into the allele-specific roles played by these mutations in promoting hormone-independent metastatic growth. Our ability to validate these findings from cell culture models in a large cohort of metastatic biopsies offers hope that the therapeutic targets identified in the models will be able to be translated to the clinic to improve outcomes for patients with metastatic ER + breast cancers harboring these mutations.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact Myles Brown (myles_brown@dfci.harvard.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines MCF7 and T47D cells were purchased from ATCC. All the cells were authenticated and regularly tested for mycoplasma contamination. The MCF7 cells were maintained in DMEM and T47D cells in RPMI supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). For hormone-depleted (HD) conditions, cells were kept in phenol-red free medium supplemented with 10% heat-inactivated charcoal-stripped (CS)-FBS and 1% PS. All cells were incubated at 37 C in 5% CO 2 . Human Tissue Studies All patients provided written informed consent for research metastatic biopsies and genomic profiling of tumor RNA, as approved by the Dana-Farber/Harvard Cancer Center Institutional Review Board (DF/HCC Protocol 05-246). Core biopsies were obtained from patients with metastatic ER+ breast cancer. After the core biopsy, samples were immediately snap frozen in OCT and stored in -80C freezer.
In Vivo Animal Studies
METHOD DETAILS
Generation of DOX-Inducible WT and Mutant ER Cells For the DOX-inducible ER mutant and WT-ER cells, ER-HA tag cDNA (GeneCopoeia) was transferred to the pInducer 20 destination vector (Meerbrey et al., 2011) using the Gateway system (Invitrogen). Lentivirus was produced in 293T cells to infect cells in media containing polybrene (8mg/mL). Cells were selected after the infection with G418. The GeneArt Site-Directed mutagenesis system (Life Technologies) was used to generate Y537N, Y537S and D538G mutations within the ER ligand-binding domain. The following mutagenesis primers were used:
RNA Sequencing
Total RNA was isolated using an RNeasy Mini Kit (Qiagen). For all cell line studies samples were done in triplicates. RNA-seq libraries were made using the TruSeq RNA Sample Preparation Kit (Illumina) adapted for use on the Sciclone (Perkin-Elmer) liquid handler. Samples were sequenced on an Illumina Nextseq500.
Co-Regulator Interaction Profiling
This method has been described previously (Koppen et al., 2009) . Cell lysates of each clone were prepared and ERa was quantified by ELISA (Active Motif, USA) to enable equimolar input. An array with a set of immobilized peptides representing coregulator-derived NR-binding motifs is incubated with a reaction mixture of crude lysate, vehicle (2% DMSO) with or without 1 mM 17-b-estradiol (E2) and anti-HIS-Alexa488 (Qiagen, USA). Incubation was performed for 40 minutes at 20 C, followed by removal of unbound receptor by washing and generation of a tiff image of each array using a PamStation96 (PamGene International). Image processing and quantification of ERa binding to each peptide on the array was performed by Bionavigator software (PamGene International). The list of protein peptides evaluated detailed in Table S4 .
CRISPR Knock-Out Library Screen
To design an efficient genome-wide CRISPR-Cas9 library for screening, we first scanned human genome to select gRNAs with an ''NGG'' PAM sequence motif adjacent to its 3' end. Then we predicted efficiency score of each gRNA based on our Least Absolute Shrinkage and Selection Operator (LASSO) model . We further selected the putative 19bp sgRNA targets that are within the exons of the genes selected for screening, have the best predicted efficiency score and have no mutation relative to the reference genome in any cancer cell line (COSMIC). To minimize off-target effects, we aligned the 19bp sequences of the putative targets against all exons in the genome. The gRNAs with fewer than 2 mismatches in the secondary match outside the target gene were removed. In the library, we also included two types of negative controls: i) non-specific sgRNAs that are not mappable to human genome; ii) sgRNAs targeting the AAVS1 integration locus where insertion or deletion does not affect cell function. Taken together, the lentivirus library consisted of 183128 gRNAs for 18313 protein-coding genes, 730 gRNAs for ribosomes, 385 gRNAs for non-targeting controls, and 136 gRNAs for AAVS1 controls. The sgRNA library synthesized at CustomArray and amplified by PCR as previously described (Shalem et al., 2014) . The PCR products were subsequently ligated into lentiCRISPR V2 plasmid, followed by transformation to competent cells for amplification according to the online protocol GeCKO library Amplification Protocol from Addgene. After plasmid library was amplified, we isolated the plasmid and constructed a sequencing library for Miseq to ensure library diversity. The DOX-inducible cells were infected at a low MOI (0.2) to ensure that most cells receive only one viral construct with high probability. Large-scale infection of 2x10 8 cells was carried. After five days of puromycin selection, the surviving cells were divided into day 0 control cells and cells cultured for five weeks before genomic DNA extraction and library preparation. Each library was sequenced at 25 million reads to achieve $300X average coverage over the CRISPR library. The 0 day sample library of each screen served as controls to identify positively or negatively selected genes or pathways. 
Generation of
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses for cell proliferation studies were performed using two sided Student's t-tests, and p values less than 0.05 were considered statistically significant. Error bars represent the ±SEM. Cell line experiments testing cell proliferation were all performed in triplicates.
RNA Sequenincg Analysis
Alignment to the hg19 human genome was done using STAR v2.5.1 (Dobin et al., 2013) followed by Transcript assembly using cufflinks v2.2.1 (Trapnell et al., 2010) and quality control steps were done using STAR v2.5.1 and RseQC v2.6.2 (Wang et al., 2012) . We assessed each sample on metrics of mappable reads, percentage of rRNA reads, gene body coverage, and junction saturation and insert_size for paired end, to determine samples that were of adequate quality. Differential Expression Analysis was done using DEseq2 v1.1 (Wang et al., 2012) . GSEA analysis was performed using the Broad GSEA Application (Subramanian et al., 2005) ChIP Sequencing Analysis ChIP-seq reads were aligned to the hg19 genome assembly using Bowtie (Langmead et al., 2009 ) and ChIP-seq peaks were called using MACS 2.0 (Feng et al., 2012; Zhang et al., 2008) . For differential binding analysis, bedfiles were merged using bedops (Neph et al., 2012) and then Bamliquidator (https://github.com/BradnerLab/pipeline/wiki/bamliquidator) was used to assign a binding intensity score to each region of the merged bed file. Differential binding was determined by filtering out insignificantly binding peaks (Bamliquidator score < 0.1) and then determining log2FC values between samples for each region using a log2 FC >1 or <-1. For the Binding and Expression Target Analysis (BETA) correlative analysis with RNA-seq differential expression the peaks were defined into region bed files including upbound peaks (log2FC > 1), downbound peaks (log2FC < -1), and nodiff peaks (log2FC < 1 and >-1). Each of these bed files was paired with the associated differential gene expression including only the differential genes with an adjusted p-value of <0.1. We took the outputted BETA bed files, added up the BETA scores for each gene and normalized each BETA score by dividing by the original number of peaks entered into BETA. Then for each of the three files, we binned the genes by log2FC into bins of 100, and plotted out the average log2FC of gene expression, and the average normalized BETA score for each bin. The motif analysis was done using the MEME suite tool AME (Analysis of Motif Enrichment) (Bailey et al., 2015) . To identify super-enhancers, we employed the ROSE algorithm to rank the enhancers that were identified using MACS in which peaks from H3K27ac ChIP within 12.5 kb of one another were stitched together (Loven et al., 2013; Whyte et al., 2013) . These stitched enhancers were ranked by their difference in H3K27ac signal versus input signal.
A threshold separating super-enhancers from typical enhancers was identified by finding the point at which the line Y=X was tangent to the curve formed by plotting the stitched enhancer rank versus H3K27ac signal subtracting the input signal.
CRISPR/CAS9 Library Screen Analysis
The CRISPR/Cas9 screening data was processed and analyzed using the MAGeCK and MAGeCK-VISPR algorithms previously published . MAGeCK-VISPR uses a metric, ''b score'', to measure gene selections. The definition of b score is similar to the term of 'log FC' in differential expression analysis, and b>0 (or <0) means the corresponding gene is positively (or negatively) selected, respectively. We considered a b score of >0.5 or <-0.5 as significant. MAGeCK-VISPR models the gRNA read counts as a negative binomial variable, whose mean value is determined by the sequencing depth of the sample, the efficiency of the gRNA, and a linear combination of b scores of the genes. MAGeCK-VISPR then builds a maximum likelihood (MLE) model to model all gRNA read counts of all samples, and iteratively estimate the gRNA efficiency and gene b scores using the Expectation-Maximization algorithm.
Drug Synergy Analysis
Drug synergy was calculated based on the Bliss independence model using the SynergyFinder R package (Ianevski et al., 2017) .
DATA AVAILABILITY
The RNA-seq and ChIP-seq data have been deposited in the Gene Expression Omnibus database. The accession numbers for the sequencing data reported in this paper are GSE94493 and GSE106552.
